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Wine grapes are rich sources of potentially bioactive polyphenols. However, 
phenolic content is variable depending on grape variety, and may be modified during 
vinification. In this study, we investigated the influence of phenolic extracts from Vitis 
vinifera (Cabernet Franc and Pinot noir), V. Labrusca (Concord), and Vitis hybrids 
(Baco noir and Noiret™) grapes on several virulence properties of Streptococcus 
mutans a well-known cariogenic bacterium. Grape phenolic extracts were prepared 
from whole fruit (WF) and fermented pomace (FP). The anthocyanin and flavan-3-ol 
content were variable depending on variety and type of extract (WF vs. FP). 
Nevertheless, all extracts inhibited the activity of GTF B between 60-80% at 
concentrations as low as 31.2 µg/ml; GTF B synthesizes insoluble glucans, which are 
critical for the formation, bulk and structural integrity of biofilms. Furthermore, the 
glycolytic pH-drop by S. mutans cells was inhibited by the extracts without affecting 
bacterial viability, an effect that can be attributed to partial inhibition of F-ATPase  by 
the  extracts (30-65% inhibition at 125 μg/ml).  In general, phenolic extracts from V. 
vinifera were more effective than those from Vitis hybrids. The biological activity of 
FP was either as effective as or significantly better than WF extracts. The most 
effective extracts were examined for their ability to disrupt biofilm development by S. 
mutans using a saliva-coated hydroxyapatite biofilm model. Biofilms were treated for 
1 minute twice daily with phenolic extracts from FP of Cabernet Franc and Baco noir. 
Biofilms treated with the extracts (at 1 mg/ml) resulted in significantly lower amounts 
 of extracellular insoluble polysaccharides than those treated with vehicle control 
(P<0.01), which agrees well with the GTF B inhibition data. The reduction of 
insoluble polysaccharides production is highly relevant because they are the main 
components of the extracellular matrix of biofilms, and are associated with the 
pathogenesis of dental caries. Overall, the phenolic extracts, especially from pomace, 
are effective against specific virulence attributes of S. mutans and can disrupt the 
synthesis of extracellular polysaccharide matrix of biofilms.  Fermented pomace could 
be a potential source for extraction of bioactive compounds for prevention or 
reduction of oral diseases, such as dental caries. 
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CHAPTER 1 
INTRODUCTION 
1.1 Overview 
 Grapes are one of the world’s most produced fruit crops with an annual 
production of roughly 66 million metric tons in 2005 (FAOSTAT-FAO). More than 
80% of the grapes produced are used for making wine.  Wine grapes have been 
recognized as a rich source of potentially bioactive polyphenols, which has led to an 
increased interest in their chemical composition and biological properties, including 
antimicrobial activity. Streptococcus mutans is the main microbial culprit involved 
with the development of dental caries in humans, a ubiquitous oral disease that 
continues to plague the majority of the world’s population. This bacterium has the 
ability to adhere firmly to and colonize the tooth surface, and metabolize dietary 
carbohydrates provided by the human host. This metabolism results in extracellular 
polymers which form the matrix of dental biofilm (known as plaque) and organic acids 
which cause tooth enamel to dissolve, ultimately resulting in decay.  The grape and its 
constituents may interact with oral bacteria (e.g. S. mutans) and potentially disrupt 
their expression of virulence, leading to novel alternatives to prevent or reduce dental 
caries.  
 
1.2  Grapes: Background  
The origins of grape cultivation date back to 3500-2300 BC in the Jordan 
Valley (Zohary and Hofp 1993).  It is not known how much the discovery of wine 
contributed to the domestication of grapes but historically, wine was believed to be a 
divine elixir (McGovern 2004). For the next 2000 years, grape cultivation spread 
throughout Eurasia and Northern Africa (De Candolle 1886; Stager 1985). As the 
Roman Empire conquered new territories and expanded their trade routes, they also 
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left behind a culture of grape domestication (This and others 2006).  Many of the 
currently available grape varieties bear Latin names given to them by the Romans.  
After the Romans, European missionaries from the Catholic Church carried with them 
grape seeds and cuttings from their places of origin to America and other parts of 
world (This and others 2006).   
Grape cultivars belong to the botanical family Vitaceae that includes 12 to 14 
genera (Burns 2002).   More than 9600 varieties of grapevines exist around the world 
(Galet 2000). The Vitis genus has the greatest agronomic importance and is generally 
grouped into wine grapes, table grapes, and raisins (This and others 2006).   
Vitis vinifera are sensitive to cold winters, short growing seasons, and lack resistance 
to local grape diseases (Reisch and others 1993a).  Few European varieties of V. 
vinifera have been grown successfully in New York State.  Still, among the V. vinifera 
varieties available in New York State, Pinot noir and Cabernet Franc are two of the 
most successfully cultivated.  Non-vinifera American varieties are more resistant to 
the climate and grape diseases than the V. vinifera. Therefore, several interspecific 
hybrids, like Baco noir, were developed, combining European varieties and American 
varieties like Vitis labrusca (Polleyfeys and Bousquet 2003; Reisch and others 1993a, 
b).   
 V. labrusca includes table grapes such as Concord, Niagara, and Catawba used 
for fresh consumption and in the production of juice, preserves, and wines. In New 
York, Concord grapes are one of the most cultivated grape varieties (Table 1.1) with  
102, 924 tons produced in 2006 and 131,000 tons in 2007 (NASS 2007; 2008). 
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T able 1.1 Production of selected grapes in New York State (2006-2007) 
  20061 
(in tons)
20072 
(in tons) 
American varieties Catawba 5,674 4,930 
Concord 102,924 131,000 
Niagara 18,616 21,000 
Hybrids Baco noir 692 430 
Noiret™ 70 n/a 
Vitis vinifera Cabernet Franc 1,430 n/a 
Pinot noir 1,014 n/a 
          1 NASS, New York Fruit and tree and vineyard survey; 2 NASS, Fruit     
report, July 2008 
 
1.2.1 General composition of grapes 
 Grapes contain 80-90% juice, 5-12% skins, 2-6% stems, and 0-5% seeds 
(Amerine and Joslyn 1967).  They also contain water, sugar (glucose, fructose), 
organic acids (tartaric, malic, shikimic), and phenolic compounds (Falchi and others 
2006). In recent years, an increasing emphasis has been placed on the health benefits 
of phenolic substances, polyphenols, in the diet.  Close to 90% of the total extractable 
phenols in grapes are concentrated in the seeds and skins (Amerine and Joslyn 1967).   
 The major phenolic compound classes in grapes are divided into two 
categories: 1) the flavonoids, which include anthocyanins, flavonols, flavan-3-ols, 
tannins, and flavanonols, and 2) non-flavonoids, including phenolic acid cinnamates 
and derivatives, benzene derivatives, tyrosol, and volatile phenols (Table 1.2).  
Flavonoids are structured as a (C6 –C3- C6) basic skeleton (Figure 1.1), but they differ 
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in the number of substituent hydroxyl groups, degree of unsaturation, and degree of 
oxidation of the three-carbon segment (Spanos and Wrolstad 1990). 
 
1.2.1.1  Flavonoids 
Anthocyanins are water soluble and responsible for the red, purple, blue, and 
orange colors of fruits, vegetables, flowers, and grape skins (Ju and Howard 2003).  In 
some grape cultivars, anthocyanins are also accumulated in the pulp (Boulton and 
others 1995).   
Anthocyanins are a major component of red wine color and contribute to the 
organoleptic and chemical properties of grapes and wines (Mazza and Miniati, 1993).  
The six common aglycones are delphinidin, cyanidin, petunidin, pelargonidin, 
peonidin, and malvidin. Anthocyanin pigments are glycosylated generally with a 
glucose moiety at position 3 (Manach and others 2004).  Acetyl and cinnamoyl 
residues are sometimes attached to the glycosyl group (Ribereau-Gayon1982; Mazza 
and Miniati 1993).   
Flavonols are flavonoids with an unsaturated 3-C chain with a double bond 
between C-2 and C-3, and the presence of a hydroxyl group in the 3-position (Macheix 
and others 1990) (Figure 1.1).  The flavonols occur mostly as glycosides where 
glucose, galactose, rahmnose, arabinose, xylose, and glucoronic acid can become 
attached to the flavonol structure at position 3 (Macheix and others 1990). Quercetin 
and kaempferol 3-rutinosides are the most common diglycosides (Macheix and others 
1990). The flavan-3-ols are present in grapes either as monomers or linked to each 
other to form procyanidins or proanthocyanidins, also called condensed tannins 
(Figure 1.1).  Some of the flavan-3-ols monomers are: (+) catechin, (-) epicatechin, (-) 
epigallocatechin, epicatechin gallate; catechin and epicatechin are the most common 
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Table 1.2  Polyphenolic composition of grapes 
Phenolic Classes Compounds References 
Flavonoids Anthocyanins delphinidin, cyanidin, 
petunidin, pelargonidin, 
peonidin, malvidin 
Ribereau-
Gayon 1982; 
Mazza and 
Miniati 1993   
Flavonols quercetin, kaempherol, 
myricetin, isorhamnetin 
Singleton, 
1992; Macheix 
and others 1990 
flavan-3-ols  
(monomers)  
 
 
 
(dimers, 
polymers) 
(+) catechin, (-) epicatechin,  
(+) gallocatechin, (-) 
epigallocathechin,  
 
epicatechin-3-O-gallate, 
procyanidins B1, B2, B3, B4, 
C1, C2, made of flavan-3,4-
diols and flavan-3-ols 
Macheix and 
others 1990 
 
 
 
Non-
flavonoids 
 
Phenolic acids: 
Benzoic acids and 
derivatives 
gallic acid, cis-and trans 
coutaric acids, protocatechuic 
acid, syringic acid, vanillic 
acid 
Lu and Foo, 
1999; 
Kallithraka and 
others 2006 
Phenolic acids: 
Hydroxycinnamic 
acid and 
derivatives 
caffeic acid, p-coumaric, 
ferulic acid, chlorogenic acid, 
caftaric acid, fertaric acid 
  
Wen and others, 
2003; Macheix 
and others, 
1990 
Stillbenes Resveratrol Waterhouse, 
2002 
 
Flavan-3-ols found in grapes (Alonso-Borbalán and others 2003; Macheix and others 
1990).  Procyanidins are polymers (dimers through decamers) of flavan-3-ols repeated 
molecules. Procyanidins are more abundant than simple flavan-3-ols and dimers 
(Macheix and others 1990).  Polymers have a molecular weight between 500 to 3000 
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(Robichaud and Noble 1990).  The main type of linkage found in grapes is the B-type 
linkage where the monomeric structures are linked from C4 to C8 or to C6 (Sarni-
Manchado 1999).  Four B-type dimers are usually observed: B1, B2, B3, B4 (Macheix 
and others 1990).  B1 is the most common from grape skins.  The average percentage 
of procyanidins B1 from grape skin has been reported at 34% (Macheix and others 
1990).  
Proanthocyanidins are polymers of polyhydroxy flavan-3-ol such as (+)-
catechin and (-)-epicatechin (Porter 1986; Burns and others 2000). They derive from 
the condensation of flavan-3-ol units (Watherhouse 2002).  Proanthocyanidins can be 
composed of procyanidins and/or prodelphinidins depending on the presence or 
absence of an H or OH in R4 position as shown in Figure 1.1 (Torres and others 2002).   
Proanthocyanidins are also responsible for the organoleptic properties of wine such as 
color, astringency, bitterness and contribute to haze formation and interactions with 
proteins  (Haslam 1980; Cheynier and Silva 1991; Ricardo da Silva and others 1991).   
 
1.2.1.2 Non-Flavonoids 
Non-flavonoid phenols are derivatives of hydroxycinnamic and 
hydroxybenzoic acids such as coutaric, caftaric, gallic, ellagic, and other low 
molecular weight phenolics (Singleton 1992).  These compounds are particularly 
abundant in white wine and are present in the pulp. Hydroxycinnamic derivatives are 
the major non-flavonoids found in wines (Singleton and others 1985) and contribute to 
bitterness (Noble 1990).  Non-flavonoids also include stillbenes and resveratrol.  
Hydroxylated stillbenes are found as glycosides in grapes (Waterhouse 2002).   
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R4 = H: procyanidins, OH: prodelphinidins  
                                   R5 = OH  (putative polymerization position) 
Proanthocyanidins (flavan-3-ols polymers) 
Figure 1.1. Structure of flavonoids. (Torres and others 2002; Manach and others 2004; 
Flamini and others 2003). 
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1.2.2 Polyphenol distribution in grapes 
Grape seeds, stems and skins are a rich source of polyphenols with seeds and 
skins having the most flavonoids (Souquet and others 2000; Diplock and others 1998; 
Cheynier and Rigaud 1986; Su and Singleton 1969; Alonso-Borbalán and others 
2003).  The seeds have the highest polyphenol content by weight at 5-8% (Amerine 
and Joslyn 1967).  Polyphenols in grape seeds are mostly flavonoids and have higher 
concentrations of catechins and procyanidins (mainly B2) than skins and pulp (Peña-
Niera and others 2004; Jayaprakasha and others 2001; Kammerer and others 2004; 
Souquet 1996; Fuleki and Ricardo da Silva 1997).  
 
1.2.2.1 Polyphenols in seeds 
Procyanidins are the only type of proanthocyanidins that can be found in grape 
seeds (Figure 1.1).   HPLC following thyolysis degradation releases only catechin, 
epicatechin, and epicatechin-3-O-gallate which indicates that grape seed tannins are 
procyanidins and not prodelphinidins (Prieur and others 1994; Labarbe and others 
1999).  Fuleki and Ricardo da Silva (1997) also identified flavan-3-ols from grape 
seeds as 1) monomers: (+)-catechin, (-)-epicatechin, (-)-epicatechin 3-O-gallate; 2)  
dimer procyanidins; 3) dimers esterified with gallic acid B1-3-O-gallate, B2-3-O-
gallate; 4)  trimer procyanidins C1, C2, T2,T3, T4, T5, and T6; 5)  trimers esterified 
with gallic acid; and 6) tetramer procyanidins. 
The procyanidins from grape seeds are all esters of gallic acid (Lee and 
Jaworski 1990). Close to 55% of grape seed procyanidins are of the polymeric type 
with a degree of polymerization greater than 5 (Prieur and others 1994).  The mean 
degree of polymerization for proanthocyanidins (condensed tannins) from grape seeds 
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(cv. Cabernet Franc) ranges from 4.7 to 17.4 and for those isolated from skins, ranges 
between 9.3 to 73.8 (Labarbe and others 1999; Souquet and others 2000). 
 
1.2.2.2 Polyphenols in skins 
 Grape skins, rich in polyphenols, can be transferred to wine (Gagne and others 
2006) and contribute to wine color.  Anthocyanin content increases at maturity and 
contributes to color change (Burns and others 2002).  In addition to anthocyanins, 
other phenolic compounds such as procyanidins can also form a complex with 
anthocyanins that affect wine color (Glories 1988).  Malvidin 3-O-glucosides are the 
major anthocyanins in grape skins in addition to delphinidin, cyanidin, petunidin, 
peonidin, and some acids (Burns and others 2002).  Total anthocyanins from grape 
skins of red grape varieties of V. vinifera range from 81.3 to 144.6 mg/100g of fresh 
weight while total polyphenols were determined to be between 182.7 to 327.9 
mg/100g of fresh weight (Falchi and others 2006).   
 Grape skin tannins are more polymerized than seed tannins with a degree of 
polymerization ranging from 3 to 80 (Souquet and others 1996) while the 
polymerization of seeds can range from 2 to 15 (Prieur and others 1994).  About 90% 
of skin proanthocyanidins have a degree of polymerization greater than 10 (Souquet 
and others 1996). Phenolic acids are found in the skins in a much lower quantity than 
anthocyanins (Zafrilla and others 2003). 
 
1.2.2.3 Polyphenols in stems 
Grape stems can also contribute to phenolic composition in wine.  Wine made 
with whole grapes has more phenolic compounds than varieties made with destemmed 
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grapes (Souquet and others 2000).  About 8% of stems are still present on grape 
berries during wine production (Souquet and others 2000).  Grape stems contain 
polyphenolic compounds that include phenolic acids, flavonols, and flavanonols, as 
well as tannins in much lower quantity than in skins.  The level of tannins in stems 
(221.3 mg tannins/kg crop) is considerably below that of skins (1605.0 mg tannins/kg 
crop) and seeds (2323.5 mg tannins/kg crop) (Souquet and others 2000).  Like grape 
skins, stem tannins contain prodelphinidins.  Stems showed only trace amounts of 
epicatechin, kaempherol 3-glucoside and myricetin 3-glucoside (Souquet and others 
2000). 
 
Figure 1.2. Crushed grapes during fermentation.  After extraction of the juice, the 
leftover skin and seed is then called pomace. 
 
1.2.3 Grape Pomace 
Pomace is a waste product obtained from crushing grapes to produce wine 
(Figure 1.2).  About 13-20% of the grapes by weight is turned into pomace (Torres 
and Bobet 2001; Torres and others 2002).  Pomace consists mostly of skins (41.5%), 
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seeds (22%), and stems (15.1%) (Amerine and Joslyn 1967).  Its potential uses and 
applications as a low cost and readily available source for the extraction of nutritional 
supplement or in the extraction of phytochemicals are summarized in Table 1.3.  
Pomace contains many phenolic compounds also found in grapes because of poor 
extraction during winemaking (Lu and Foo 1999; Kammerer and others 2004). 
Pomace is one of the main sources of anthocyanins (Schieber and others 2001).  
 
              Table 1.3   Current and potential utilization of grape pomace 
 
Uses References 
Citric acid production Hang and Woodams 1986 
 
Dietary supplements González-Paramás and others 
2004; Kammerer and others 2004 
 
Energy production Blasi and others 1997 
 
Fertilizer Manios 2004 
 
Grappa (distilled spirit) Hang and Woodams 2008 
 
Grape seed oil El-Shami and others 1992 
 
Tartaric acid Nurgel and Canbas 1998; Braga 
and others 2002 
 
 
1.2.4  Phenolic composition of grapes based on varieties and methods of 
processing  
 The phenolic composition of grapes varies with species, variety, degree of 
maturation and environmental factors such as climate (Jackson and Lombard 1993; 
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 Fuleki and Ricardo-da-Silva 1997; Basha and others 2004) (Table 1.4).  Particular 
species and varieties have a major influence on the amount and composition of 
procyanidins in grape seeds (Fuleki and Ricardo-da-Silva 1997).  The amount of 
procyanidins B2 reported by Fuleki and Ricardo-da-Silva (1997) from 17 varieties 
varied from 9 to 106 mg/100g. 
 
1.2.4.1 Grape Variety 
In general, red grape varieties have higher phenolic content, especially 
anthocyanins than their white counterparts (Vinson and Hontz 1995; Alonso- Borbalan 
and others 2003; Kammerer and others 2004).  Total phenolic content of red wine 
extracts was found to be between 2,138 and 24,980 mg/L of gallic acid equivalents  
(Papadopoulou and others 2005) while that of white wine was between 1,210 and 
5,320 mg/L of gallic acid equivalents.  The observed difference in total phenols 
between red and white wine is due to minimal contact with the skin, stems, and seeds 
of the grapes during the processing of white wine (Singleton 1992).   
 In white wine, there is limited extraction and oxidation of flavonoids 
since the skin is removed during vinification.  Therefore, the phenolic compounds 
usually obtained from the skins in red wines processing are not available. The catechin 
level found in a red wine variety (548.77 mg/L), Pinot noir, was higher than the 
catechin level found in the white wine variety, Chardonnay  (371.9 mg/L) (Landrault 
and others 2001).  Phenolic acids from the pulp are the primary phenolic compounds 
in white wines (Sims 1994).  Hydroxycinnamic acids, especially caftaric acid, are the 
major phenolics (Cheynier and others 1998). 
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As opposed to wine grapes, table grapes are mainly used for fresh 
consumption.  Although some table grapes belong to the same genus as wine grapes, 
they differ in their chemical components.  Wine grapes contain higher total phenolic 
content than table grapes (Table 1.4).  The main anthocyanin in many table grapes was 
reported to be peonidin-3-glucoside (Cantos and others 2002) whereas malvidin 3-
glucoside is the most common anthocyanin in wine grapes (Mazza 1995).   
 
1.2.4.2 Processing methods and other factors 
Degree of maturation also affects phenolic content. The amount of 
anthocyanins in grapes increased at maturation while the amount of  catechins and 
procyanidins decreased (Pérez-Magariño and González-San José 2004; Shi and others 
2003).  At a similar degree of maturation, the phenolic content in grapes still differed 
when the grapes were harvested from two different years or two different season 
(Revilla and others 1995; Mazza and others 1999).  Catechin levels for red wine of 
southern France from vintages of 1999, 1997, 1995-1991 were at 219.13, 153.99, and 
88.28 mg/L respectively (Landrault and others 2001). 
Processing conditions and temperature affected the extraction of phenolics 
from grapes (Blanco and others 1998).  Mazza and others (1999) found that total 
phenolics and flavonols increased during alcohol fermentation.  There were 
quantitative differences in flavanols depending on the method of processing pomace 
both within the same variety and among the different varieties (González-Paramás and 
others 2004).  Maceration increased the availability of polyphenols (Fuleki and 
Ricardo-da-Silva 2003). 
Temperature conditions during maceration affected extractability of the 
phenolics (Koyama and others 2007).  Total phenolics expressed as gallic acid were 
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significantly higher in hot pressed Concord grape juice (195.34 mg/L) when compared 
to cold pressed (23.06 mg/L) (Fuleki and Ricardo-da-Silva 2003). Elevated 
temperature increased extraction of phenolics from the skins, especially anthocyanins.  
On the other hand, the amount of catechin and epicatechin was greater in cold pressed 
juice left for 18h than in hot pressed juice left for 30, 60, and 90 minutes (Fuleki and 
Ricardo-da-Silva 2003). 
1.2.5 Biological activities of grape  
The presence of flavonoids in wine and grape products has been associated 
with their biological activities, including antimicrobial activities (Table 1.5). Daroch 
and others (2001) found that all of the 16 red wines studied had antibacterial activity 
against H. pylori and determined that the active compound was resveratrol.  Quercetin, 
(+)-catechin, (-)-epicatechin, trans-resveratrol, gallic acid and protocatechuic acid 
have been shown to inhibit activity against mutagens using Salmonella typhimurium 
strain TA102 (Stagos and others 2006).  Phenolic acids from red and white wines have 
shown inhibitory activities against strains of Staphylococcus aureus, Escherichia coli 
and Candida albicans (Papadopoulou and others 2005).  
 The biological activities of grape polyphenols have been found to be dependent 
on which part of the grape the polyphenols were extracted from.  Ribier grape pulp 
was not inhibitory whereas the skin and seeds had strong antilisterial activity (Rhodes 
and others 2006).  The microbiological benefits of grapes and their by-products have 
been extensively studied on a variety of microorganisms.  However, few studies have 
looked at the biological activities of grape phytochemicals and their relationship with 
the microorganisms associated with dental caries.  
 
 
                   15
Table 1.5 Biological activities of grape polyphenols   
Phenolic 
compounds 
Effects Source References 
Flavanols Antioxidant Wine, grape 
pomace, grape 
seeds 
González-Paramás 
2004 
Catechin 
monomers, 
procyanidin 
oligomers, 
flavonol 
derivatives 
Antioxidant Parellada grape 
(Vitis vinifera)  
pomace 
Torres and others 
2002 
Anthocyanins 
and seed derived 
polymer 
Antilisterial Ribier grape juice, 
skin, extracts (V. 
vinifera) 
Rhodes and others 
2006 
Resveratrol 
(stillbenes)  
Antimicrobial 
properties 
(Helicobacter 
pylori) 
Chilean red wines Daroch and others 
2001 
Proanthocyanidin Antioxidant 
activities and 
potential 
agent against 
periodontal 
diseases 
Grape seed 
extracts 
Houde and others 
2006 
Procyanidin B5-
3’-gallate 
Anti-tumor Grape seed 
extracts (V. 
vinifera) 
Zhao and others 
1999 
Quercetin, 
catechin, 
epicatechin, 
trans-resveratrol, 
gallic acid and 
protocatechuic 
acid 
Inhibition of 
mutagens in 
Salmonella 
typhimurium 
Grape extracts 
(Vitis vinifera) 
Stagos and others 
2006 
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1.3 Dental caries disease: Background1 
Dental caries is the single most prevalent and costly infectious oral disease 
(NIH 2001; Marsh 2003). This ubiquitous disease afflicts the majority of the adult 
population in the United States and continues to be a major reason for attendance at 
emergency rooms and a leading cause of absence from work (US Department of 
Health and Human Services 2000). The public in the United States spends close to $40 
billion to treat the ravages of this disease and its consequences. This does not include 
the billions expended in oral hygiene products aimed at prevention of the disease and 
the removal of dental plaque. Thus, dental caries places enormous health and 
economic burdens on Americans most often on those least able to bear them (NIH 
2001; Bowen 2002). 
 
1.3.1 Dental caries - A dietobacterial biofilm related disease       
 Dental caries results from the interaction of specific bacteria with constituents 
of the diet within a dental biofilm known as plaque (Bowen 2002).  Streptococcus 
mutans is generally regarded as the primary microbial culprit although additional 
microorganisms may be involved (Hamada and Slade 1980; Loesche 1986; Beighton 
2005); this bacterium produces extracellular polysaccharides (EPS) in dental biofilms 
through glucosyltransferases (GTFs) and fructosyltransferase (FTF), and is acidogenic 
and acid-tolerant. Sucrose is considered to be the “arch criminal” from the dietary 
aspect because it is fermentable, and also serves as a substrate for synthesis of EPS 
and intracellular polysaccharides (IPS) in dental biofilm (Bowen 2002). However, it is 
important to emphasize that additional sugars and starch can certainly contribute to the 
pathogenesis (Bowen and others 1980; Firestone and others 1982). 
                                                 
1 Reproduced in part with permission from Dr. Hyun Koo. The research related to the dental portion of 
the research was conducted in Dr. Koo’s lab at the University of Rochester Eastman Dental Center.  
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EPS (e.g.glucans)Bacteria  
 
 
 
 
 
 
 
 
 
Figure 1.3. Scanning electron micrograph of oral bacteria enmeshed in EPS matrix 
form in situ on hydroxyapatite surface (Adapted from Vacca-Smith and Bowen, 
2000). 
 
ed  
 
 
 
The first clinical evidence of the bacterial dietary interaction is the appearance of 
dental plaque. Dental plaque is a biofilm; it is composed of bacteria and salivary 
constituents enmeshed in a polysaccharide matrix and is tightly adhered to the tooth 
surface (Figure 1.3) (Critchley 1969; Hotz and others 1972; Holt 1975); up to 40% of 
the dry weight of dental biofilm is composed of polysaccharides (Emilson and others 
1984; Bowen 2002; Paes Leme and others 2006).  
If dental biofilm is allowed to remain on tooth surfaces with a frequent 
consumption of a high carbohydrate diet (especially sucrose), S. mutans and other 
acidogenic bacteria will metabolize the sugars to organic acids and polysaccharides 
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(Bowen 1999). The resulting low pH environment favors the growth of cariogenic 
aciduric streptococci (S. mutans for example), and the elevated amounts of EPS  
 
 
 
 
Bacteria  EPS 
 
 
 
Figure 1.4   The 3 major steps found during biofilm formation. 
promote biochemical and structural changes in the matrix of the biofilm (Schilling and 
 
 
 
Bowen 1992). The persistence of this acidic condition triggers a shift in the biofilm 
community towards dominance by acidogenic and aciduric bacteria, such as S. 
mutans, because of their ability to survive low pH values (Marsh 2003). The low pH 
microenvironment in the biofilms matrix results in dissolution of enamel of tooth 
surface. Clearly, EPS are essential for the formation and establishment of cariogenic 
biofilms (Tanzer and others 1985; Yamashita and others 1993; Schilling and Bowen, 
1992; Marsh 2003; Kuramitsu 2003). Furthermore, it has been demonstrated to 
augment the cariogenicity of dental biofilms in clinical studies (Cury and others 1997; 
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2000; Mattos-Graner and others 2000; Nobre do Santos and others 2002; Aires and 
others 2006).  Therefore, biofilm control strategies based on disruption of EPS offer an 
attractive and alternative approach to the use of broad spectrum antibiotics like 
chlorohexidine (Xavier and others 2005; Lewis 2001).  
 
1.3.2 Virulence factors 
e been recognized as virulence factors in the pathogenesis of 
dental 
oth GTF B and C play an essential role in the expression of 
virulen
1.3.2.1 Glucan synthesis 
GTF enzymes hav
caries (Yamashita and others 1993).  S. mutans produces at least three distinct 
GTFs: GTF B, C, and D (Loesche 1986; Hanada and Kuramitsu 1988; Yamashita and 
others 1993). The GTFs synthesize water insoluble α(1,3)-linked glucans (GTF B and 
C) and water soluble α(1,6)-linked glucans (GTF C and D). GTF B and C have been 
shown to be essential for the expression of virulence in rat caries models (Yamashita 
and others 1993). 
Although b
ce, they differ in their chemical structure.  The primary amino acid sequences 
of the streptococcal GTF enzymes are highly homologous (Banas and Vickerman 
2003).  The secondary structures contain a circularly permuted (alpha/beta)8-barrel 
motif (MacGregor and others 1996).   The GTF enzymes have approximately a signal 
peptide of 38 amino acids at the amino terminus followed by a variable domain of 
about 200 amino acids distinctive for each enzyme (Russell 1994).  GTF B differs 
from GTF C by their C-terminus.  The C-terminus contains a series of repeat motifs of 
amino acids that vary for each enzyme.  GTF B contains 1475 amino acids (Shiroza 
and others 1987) while GTF C contains 1375 amino acids with a small hydrophobic 
domain in the direct repeat units at the C-terminus (Ueda and others 1988).  The 
structural difference of the C-terminus noted from GTF B and GTF C might explain 
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the affinity of GTF B to bacterial surfaces and that of GTF C to apatitic surfaces 
(Vacca-Smith and Bowen, 1998). 
GTF can be found in whole human saliva (solution) and in the salivary pellicle 
on the 
.3.2.2 Acid Production and Acid Tolerance  
colysis at low pH values attained within 
the ma
tooth surface. GTFs secreted by S. mutans bind avidly in the presence of saliva 
to the tooth surface and are highly active and when exposed to sucrose; a layer of 
polysaccharides is formed rapidly on the surface (Rolla and others 1983; Schilling and 
Bowen, 1988; 1992; Rozen and others 2004).  The polysaccharides on the surface 
provide an avid site for colonization by bacteria. GTFs also adhere to bacterial 
surfaces of both GTFs-producing and non-GTFs producing bacteria, and furthermore 
adhere to surfaces of bacteria that do not make enzyme, thereby converting them into 
de facto glucan producers (McCabe and Donkersloot, 1977; Vacca-Smith and Bowen, 
1998).  Thus, glucans promote the accumulation of microorganisms on the tooth 
surface, and contribute to the bulk of the biofilms (Schilling and Bowen 1992).  Figure 
1.4 shows the major steps of biofilm formation process.   
 
1
S. mutans survives and carries out gly
trix of the biofilms which results in demineralization of the adjacent dental 
enamel (Belli and Marquis 1991; Bowen 2002). The actual pH to ensure 
demineralization is 5.5 (Stephan 1944). The ability of S. mutans to adapt to acidic 
environments is due in part by the regulation of the proton-translocating F-ATPase 
that helps S. mutans maintain intracellular pH more alkaline than the extracellular pH 
(Bellli and Marquis 1991; Sturr and Marquis 1992).  ATPase inhibitors increase 
proton permeability of the membrane (Bender and others 1986) and dissipate the pH 
gradient. With constant exposure of the mouth to an acidic environment, aciduric and 
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acidogenic microorganisms will prevail and predispose the teeth to dental caries 
(Marsh 2003).  
 
1.3.3 Chemotherapeutic methods to control dental caries 
 and in the pathogenesis 
of den
.3.3.1 Fluoride  
ts of fluoride have been demonstrated since the beginning of the 19th 
century
l 
 
 0.1mM of 
 to be most effective at reducing acid tolerance of 
glycoly m of 
S. mutans is a key contributor in the plaque formation
tal caries.  Anti-caries products aimed at controlling acid production and 
tolerance, glucans synthesis and at reducing the levels of S. mutans have been 
investigated. The most documented strategies are discussed below.  They include: 
fluoride, antimicrobials such as chlorhexidine and triclosan. 
 
1
The benefi
 (Van Loveren 2001). Fluoride is by far the most proven anti-caries agent 
known (Bowen 2002) and has been widely used in products aimed at controlling 
dental caries. Fluoride is found in products such as toothpaste, mouth rinses, denta
varnishes, water, and salt (Brambilla 2001).  Fluoride promotes remineralization and
can reduce risk of caries (Sheiham 1991; Featherstone 2006).  The effectiveness of 
fluoride depends on the pre-existing pH in the mouth and the pre-existing 
concentration of fluoride (Marquis 1990; Clarkson and others 1986).  Only
fluoride at pH 4.0 was required to inhibit glycolysis whereas 10 mM was required at 
pH 6.0 (Marquis 1990).   
Fluoride was found
sis of intact cells of S. mutans (Belli and others 1995). The ionized for
fluoride can penetrate bacterial membranes under acidic conditions (Marsh 2003).  
Once inside the cell, the intracellular H+ F- dissociates and F- binds to key enzymes 
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like F-ATPase that regulate intracellular pH and proteins important for glycolysis 
while the H+ lower the pH in the cytoplasm (Marsh 2003; Marquis and others 2003
Fluoride acts as inhibitor for F-ATPase in presence of aluminium (Sturr and Marquis 
1990) and of GTF (Marquis 1995; Koo and others 2006).    
 
). 
.3.3.2  Antimicrobials 
s have been studied for their antimicrobial effects and are 
aimed a
 are 
que 
de 
enolic compound, is commonly used in dentifrices and seemed 
to redu
ers 
1
Many compound
t controlling dental caries by decreasing the growth of cariogenic 
microorganisms like S. mutans (Loesche 1986). Among the most common
chlorhexidine and triclosan which are broad spectrum anti-microbials. Anti-pla
agents such as chlorohexidine (bis-giguanides) are often used to reduce the mutans 
streptococci level (Petti and Hausen 2006).  In addition, a systematic review of 22 
studies did not find any conclusive evidence that chlorohexidine treatment reduces 
caries (Twetman 2004). Treatments with chlorohexidine have several undesirable si
effects including bad taste, staining actions, and ability to react with fluoride 
(Featherstone 2006).  
Triclosan, a ph
ce regrowth of dental plaque (Jenkins and others 1989). It is more effective 
when combined with other agents such as zinc (Roberts 1995). The addition of 
triclosan in dentifrices did not show any benefit in toothpaste (Mellberg and oth
1991; van Loveren 2000). 
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1.3.4 Natural products as an alternative source for novel anti-caries therapy 
structur  human 
the 
against
t 
a and 
on 
tion in 
n 
 
cranberry reduced the S. mutans count in saliva (Weiss and others 2002). 
Natural products and their derivatives are in important source of novel 
es to discover and develop new drugs for the treatment or prevention of
diseases (Koehn and Carter 2005).  According to a review of the sources of new drugs 
over the last 25 years, 74 out 109 antibacterial New Chemical Entities are derived 
from natural products and their derivatives (Newman and others 2007).  However, 
use of natural products as a source of anti-caries therapy has not been well explored. 
Our laboratory and others have identified potentially active natural molecules 
 cariogenic streptococci. A variety of compounds such as flavan-3-ols, 
flavonols, flavones, oligomeric and polymeric proanthocyanidins from cocoa, 
cranberry juice, cranberry, apple, and green tea have also been shown to disrup
glucans synthesis in biofilm formation (Osawa and others 2001; Ooshima 2000; 
Percival and others 2006; Duarte and others 2006; Koo and others 2006; Yanagid
others 2000; Hamilton-Miller 2001). Percival and others (2006) determined that a 
polyphenol pentamer present in cocoa reduced biofilm formation and acid producti
by S. mutans.  High molecular weight polyphenolic compounds from cacao bean husk 
showed anti GTF activity (Osawa and others 2001; Ooshima 2000) and reduced 
growth rate of S. mutans (Ooshima 2000). The effects of cranberry juice on the 
glucan-mediated processes in S. mutans biofilm development have shown reduc
biomass, insoluble glucan, and acidogenicity (Koo and others 2006). Polyphenols 
from cranberry significantly disrupted accumulation and polysaccharide compositio
of S.mutans biofilms when compared to the control (Duarte and others 2006).  Non-
dialysable material from cranberry (NDM) and high molecular mass constituents of 
cranberry juice inhibited extracellular polysaccharide synthesis (Steinberg and others
2004; Yamanaka and others 2004).  In a preliminary clinical trial, NDM from 
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 High molecular weight apple polyphenols inhibited the activity of GTF
adherence of growing cariogenic bacteria (Yanagida and others 2000).  Ex
 and the 
tracts of 
s of some 
y, there is a need to explore 
alternat
green Tea (Camellia sinensis), due to the presence of catechins, prevented adherence 
of S. mutans to saliva-coated hydroxyapatite, inhibited the activity of the 
glucosyltransferase enzyme, and had bactericidal effects against S. mutans (Hamilton-
Miller 2001).  Oolong tea polyphenols strongly inhibited enzyme activitie
type of GTases of mutans streptococci (Nakahara and others 1993) and reduced dental 
plaque formation in humans (Ooshima and others1994). 
Polyphenols from red grapes had higher activity against S. mutans than fruits 
tested and green tea (Smullen and others 2007). Clearl
ive methods to control the onset of caries formation by using therapeutic 
agents aimed at the inhibition of virulence factors of S. mutans.  Although we are 
focusing our research on a single, albeit important organism, we believe that our 
results will have importance for additional organisms present in biofilms. By aiming 
to disrupt the ability of S. mutans to utilize sucrose to form EPS, and to produce acids 
and acid adaptation mechanisms, therapeutic approaches to reducing the formation or 
virulence of cariogenic biofilms could be precise and selective, and would not 
necessarily suppress the resident oral flora. Considering that grape and grape pomace 
are widely available and harbor a myriad of substances, some of which have 
previously been shown to display biological activity against S mutans, the focus of this 
research was to test whether: 
 
1.4 Hypotheses 
 I) Phytochemicals in grapes, especially flavonoids, can disrupt the virulence of 
biting glucan formation and acid production; S. mutans by inhi
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 II) The chemical composition of grapes is variable depending on variety and 
methods of processing, which could affect their biological activity; 
d cariogenicity of 
iofilm
tives
 III) Phytochemicals in grapes can disrupt the formation of extracellular 
polysaccharides matrix, which is associated with the development an
b s. 
 
1.5 Objec  
Our objectives were to: 
ety of grapes and method of processing that provide the highest 
ction by S. mutans and insoluble glucan synthesis.   
lity 
 of the extracts to inhibit EPS matrix synthesis and biofilm 
 
1) select the vari
biological activity on acid produ
2) determine the effects of selected varieties and processing techniques on the abi
of the extracts to affect : 
     a) glucan synthesis 
     b) acid production 
     c) acid tolerance 
4) determine the ability
formation. 
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 CHAPTER 2 
MATERIALS AND METHODS 
2.1 Grape processing 
Five varieties of grapes were collected to study their phenolic composition and 
biological activity against Streptococcus mutans as follows: Vitis vinifera grapes, 
Pinot noir (PN), Cabernet Franc (CF); Vitis interspecific hybrids, Baco noir (BN), 
NoiretTM (NO); Vitis labrusca, Concord (CO).  NoiretTM was a recently released wine 
variety selected for its deep color resulting from a cross between NY65.0467.08 and 
Steuben. Grapes were obtained from the 2005 harvest season from wineries and 
orchards across the Finger Lakes region of New York State; PN grapes from Hosmer 
Winery (Ovid, NY), CF grapes from Cornell Orchards (Lansing, NY), BN grapes 
from Pleasant Valley Winery (Hammondsport, NY), NO grapes from Swedish Hill 
Winery (Romulus, NY), and CO grapes from the New York State Agricultural and 
Experiment Station (Geneva, NY). 
2.2 Grape Extracts 
 Powdered red grape polyphenolic extracts were prepared from whole fruit 
(WF), pomace (skins and seeds) after fermentation on skins (FP), after cold press 
(CP), and for Concord only after hot press (HP) (Figure 2.1).  WF and CP samples 
were freeze-dried for 48 hrs, ground to powder in a PB-5A Waring blender and stored 
at 2 oC, protected from light.  Fermentated grape pomace (FP) was washed, 
destemmed and crushed in a stemmer/crusher and then dispensed into 5-gal 
fermentation buckets.  A solution of Potassium Meta Bisulfite Crystal containing 1ml 
10% (w/v)  per liter of grape must was added and allowed to stand for 1 hour. 
Diammonium Phosphate (DAP), Fermaid and yeast (Saccharomyces cerevisiae – 
DV10) were added at 1, 0.2 and 0.3 g/L, respectively to each bucket. Buckets were 
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stored at 18 oC for 9-11 days. Must was pressed when sugar level was below 0.5% as 
measured by an hydrometer. Juice was stored at 2 oC, until freeze-dried. Pomace was 
bagged and stored at -5 oC, protected from light. Hot Pressed (HP) grapes were 
washed, and destemmed and crushed in a stemmer/crusher. The must was heated in a 
steam kettle to 71 oC and cooled to 54 oC. Pectinase enzyme (0.1%) was added, the 
must was allowed to stand for 30 mins and then pressed in a hydraulic rack and frame 
press. Pomace was bagged and stored at -5 oC, protected from light. 
Grape samples were frozen to –10°C and freeze dried using a Virtis SR50C freeze 
drier (Virtis Co., Gardiner, NY).  Polyphenols were extracted from freeze-dried grapes 
samples as previously described (Kim and Lee 2002) with some modifications. Briefly, 
200 ml of methanol/ethanol/water (50/25/25%) v/v was added to 20 g of freeze-dried 
sample and the mixture was sonicated in a Branson 2200 sonicator (Fisher Scienctific, 
Agawam, MA, U.S.A.) in ice for 20 min, and then centrifuged using a Sorvall 
Instruments RC5C Centrifuge (Dupont Company, Wilmington, DE, U.S.A.) at 10,000 
g for 20 min. Sonication and centrifugation steps were repeated. Solvents were 
evaporated using a Buchi RE 121 Rotovapor (Brinkmann Instruments Inc., Westbury, 
NY) at 35oC and reduced pressure until an aqueous polyphenolic extract was obtained. 
The aqueous extract was passed through preconditioned C18 Sep Pak cartridges. The 
cartridges were then washed with 0.01 N aqueous HCl to remove acids, sugars and 
other water-soluble compounds, and dried with a current of nitrogen. The polyphenols 
were eluted with absolute methanol. The methanol was evaporated as described above 
to dryness. Extracts were redissolved in distilled water and lyophilized to obtain 
powdered extracts.  
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Grapes
Pinot noir, Cabernet Franc, Baco noir, Noiret™
Whole Fruit Fermented
Pomace
Freeze dried
Extraction of polyphenols
[(50/25/25)% methanol,
ethanol, water]
Evaporation of solvents [Rotovapor 35°C, 27 in Hg]
Extract redissolved [distilled water]
Extract loaded in to Sep Pak C18 cartridge
Cartridges washed and dried
Elution of polyphenolic (main)
extract [methanol]
Extraction of main extracts (Kim and Lee, 2002)
                            Figure 2.1. Diagram for the processing of Whole Fruit and Fermented Pomace prior to 
biological testing. 
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 2.3 Determination of phenolic composition  of the grape extracts  
Powdered main extracts were analyzed for total phenolics, total monomeric 
anthocyanins, and flavan-3-ols.  All analyses, per process, were performed in 
duplicate. Polyphenols were extracted from ground freeze-dried samples by solvent 
extraction with slight modifications of the method described by Kim and Lee (2002).  
Total phenolic content in methanol extracts was determined by colorimetric 
assay using the Folin Ciocalteu (FC) reagent (Singleton and Rossi 1965), with slight 
modifications, and expressed as grams gallic acid equivalents (g GAE/100 g) of fruit 
or pomace.  
The total monomeric anthocyanin content was determined using the pH 
differential method as described by Giusti and Wrolstad (2001) with slight 
modifications. Phenolic extracts were diluted in 0.025 M potassium chloride buffer 
(pH 1.0) and 0.4 M sodium acetate buffer (pH 4.5). After 15 min of equilibration, 
absorbance was measured at 520 and 700 nm using a Barnstead Turner SP830 
Spectrophotometer (Barnstead International, Dubuque, Iowa, U.S.A.). The total 
monomeric anthocyanin content was calculated using an absorptivity coefficient and 
molecular weight of 28000 L/cm/mol and 529 g/mol, respectively, and expressed in g 
of malvidin-3-glucoside equivalents /100 g of fruit or pomace (Niketic-Aleksic and 
Hrazdina 1972). The total flavan-3-ol content was estimated using a modified Vanillin 
assay (Sun and others 1998a, 1998b, 2001). In a test tube, 2.5 ml of 1% (w/v) vanillin 
in methanol was added to 1 ml of appropriately diluted sample, after which 2.5 ml of 
25% (v/v) H2SO4 in methanol was added. Absorbance was read at 500 nm, against a 
blank prepared in the same way except that the sample was substituted with methanol, 
in a Barnstead Turner SP830 Spectrophotometer (Barnstead International, Dubuque, 
Iowa, U.S.A.). Absorbance values were corrected for anthocyanin interference by 
                   30
carrying out the reaction as described above in the absence of vanillin (Broadhurst and 
Jones 1978). Total flavan-3-ols were quantified using a standard curve prepared from 
a catechin standard obtained from Sigma Chemical Co. (St. Louis, Mo. U.S.A.). 
Results were expressed as g catechin equivalents /100 g of fruit or pomace.    
 
2.4 Determination of the biological activity of the grape extracts 
2.4.1 Bacterial Strains 
 The bacterial strains used for the production of GTFs were: Streptococcus 
anginosus KSB8 (kindly provided by Howard K. Kuramitsu, State University of New 
York, Buffalo), which harbors the gtfB gene (for GTF B production) and S. mutans 
WHB 410 (Wunder and Bowen 1999), where gtfB, gtfD and ftf genes were deleted (for 
GTF C production) (Figure 2.2). S. mutans UA159, a proven virulent cariogenic 
pathogen and the strain selected for genomic sequencing (Adjic and others 2002) was 
used for F-ATPase, glycolytic pH-drop studies, antimicrobial and biofilm assays. The 
cultures were stored at –80º C in tryptic soy broth (TSB) containing 20% glycerol.  
2.4.2 Glucosyltranferases (GTF) assays 
 The GTF B and C enzymes (E.C. 2.4.1.5) were prepared from culture 
supernatants and purified to near homogeneity by hydroxyapatite column 
chromatography as described previously (Venkitaraman and others 1995; Wunder and  
Bowen 1999). GTF B or C was mixed with a two fold dilution series of grape phenolic 
extracts (concentration ranging from 15.6 to 125 μg/ml) or vehicle control (10% 
ethanol, v/v) and incubated with [14C]glucose-sucrose substrate (0.2 μCi/ml; 200 mM 
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measured by the 
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glucans 
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Figure 2.2 Summary diagram of biological analyses. 
 
sucrose, 40 μM dextran 9000, and 2% sodium azide in a buffer consisting of 50 mM 
KCl, 1 mM KPO4, 1 mM CaCl2, and 0.1 mM MgCl2, pH 6.5) to a final concentration 
of 100 mM sucrose (Koo and others 2002). GTF activity was measured by the 
incorporation of [14C] glucose from labeled sucrose (NEN Research Products, Boston, 
MA) into glucans (Venkitaraman and others 1995; Koo and others 2000).  The GTF 
enzyme added to each sample for all assays was equivalent to the amount required to 
incorporate 1 to 1.5 µmol of glucose over the 4 h reaction (1.0 – 1.5 U).  All of the 
assays were conducted in triplicate from at least two separate experiments. 
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2.4.3 F-ATPase and glycolytic pH drop assays 
 F-ATPase assay was performed using permeabilized cells of S. mutans UA 159 
(Belli and others 1995).  F-ATPase was measured in terms of the release of phosphate 
in the following reaction mixture: 75 mmol of Tris-maleate buffer (pH 7.0) containing 
5 mM ATP, 10 mmol MgCl , permeabilized cells and the grape phenolic extracts 
(concentration ranging from 15.6 to 125 μg/ml) or vehicle control (10% ethanol, v/v).  
The released phosphate was determined by the method of Bencini and others (1983).  
 The effects of grape phenolic extracts on glycolysis were measured by standard 
pH drop with dense cell suspensions (Belli and others 1995). Cells of S. mutans 
UA159 were collected by centrifugation, washed with cold salt solution (50mM KCl 
plus 1 mM MgCl2, pH 7.0), and resuspended in salt solution containing the grape 
phenolic extracts (concentration ranging from 62.5 to 500 μg /ml) or vehicle control 
(10% ethanol, v/v). Glucose was added in the mixture to give a final concentration of 
1% (w/v).  The decrease in pH, as a result of glycolytic activity of the bacterial cells, 
was assessed by means of a glass electrode (Futura Micro Combination pH electrode, 
5 mm dia., Beckman Coulter, Inc., CA, USA) over a period of 75 min. (Belli and 
others 1995). All of the assays were conducted in triplicate from at least two separate 
experiments. 
 
2.4.4 Antimicrobial assays 
The minimum inhibitory concentration (MIC) and minimum bactericidal 
concentration (MBC) of each of the test compound were determined in accordance 
with NCCLS guidelines (NCCLS, 2000) as described in Koo and others (2003a). The 
broth microdilution and macrodilution methods (in TSB) were used for the 
antibacterial tests. The starting inoculum was 1 ×106 colony forming units/ml (at log 
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phase), and the concentration of test compounds ranged from 62.5 to 500 µg/mL (two-
fold dilution). 
 
2.4.5 Biofilm assays 
2.4.5.1. Biofilm preparation and treatments.  
Biofilms of S. mutans UA159 (ATCC 700610) were formed on saliva coated 
hydroxyapatite (sHA) discs  placed in a vertical position using a disc holder (see 
Figure 2.3) in batch cultures at 37oC and 5% CO2 for 5 days (Koo and others 2005). 
The biofilms were grown in buffered tryptone yeast-extract broth containing 1% 
sucrose. During the first 24 hrs, the organisms were grown undisturbed to allow for 
initial biofilm formation. The culture medium was replaced daily; pH values in the 
medium were measured daily after the first 24-h of incubation.   The biofilms (24 hrs 
old) were then treated three times daily (one-minute exposure) until the 5th day of the 
experimental period (126 hrs-old) with one of the following: Cab. Franc 500 μg/ml, 
Cab. Franc 1000 μg/ml, Baco noir 500 μg/ml, Baco noir 1000 μg/ml, or a vehicle 
control. Each biofilm was exposed to the respective treatment a total of twelve times.   
 
  2.4.5.2. Biofilm analyses.  
At the end of the experimental period (126 h-old biofilms), the biofilms were 
dip-washed three times, and then gently swirled in physiological saline to remove 
loosely adherent material. The biofilms were placed in 5 mL of sterile saline solution, 
and the hydroxyapatite surfaces were gently scraped with a sterile spatula to harvest 
adherent cells. The removed biofilms were subjected to sonication using three 30s 
pulses at output of 7 W (Branson Sonifier 150, Branson Ultrasonics, Danbury, CT,  
 
                   34
  
 
 
 
 
 
 
 
      Figure 2.3. Saliva-coated hydroxyapatite (sHA) biofilm model. (A) - sHA 
discs placed in a vertical position; (B) – Biofilms forming in a 24-well plate. 
(A) 
(B) 
 
USA). The homogenized suspension was used for dry weight, total protein, and 
polysaccharide analyses. For the dry weight determination, three volumes of cold 
ethanol (–20°C) were added to 1 mL of the biofilm suspension, and the resulting 
precipitate collected (10,000g for 10 min, 4°C). The supernatant was discarded, and 
the pellet was washed twice with cold ethanol, and then lyophilized and weighed. 
Total protein of the biofilm suspension was determined by acid digestion followed by 
ninhydrin assay (Moore and Stein 1954). The polysaccharide composition 
(extracellular water-soluble and insoluble, and intracellular polysaccharide) was 
determined by colorimetric assays as detailed by Koo and others (2003b); the 
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polysaccharide content was expressed per mg of dry-weight or protein. Briefly, an 
aliquot (4 mL) of the suspension was centrifuged at 10,000g for 10 min at 4°C. The 
supernatant was collected and the biofilm pellet resuspended and washed in the same 
volume of water; this procedure was repeated twice. All the supernatants were pooled 
and three volumes of cold ethanol were added, and the resulting precipitate collected. 
The precipitate, or water-soluble polysaccharides, were collected by centrifugation and 
washed three times with cold ethanol and resuspended in 1 mL of MilliQ H2O; the 
total amount of carbohydrate was determined by phenol-sulphuric method (Dubois 
and others 1956). The biofilm pellet was dried in a Speed Vac concentrator and used 
for determination of: (i) extracellular insoluble polysaccharides; and (ii) intracellular 
iodophilic polysaccharides. Insoluble polysaccharides were extracted using 1 N NaOH 
(1 mg of biofilm dry weight/0.3 mL of 1 N NaOH) under agitation for 2h at 37°C. The 
supernatant was collected by centrifugation, and precipitated with three volumes of 
cold ethanol. The precipitate was washed three times with cold ethanol and 
resuspended in 1 mL of 1 N NaOH; the total amount of carbohydrate was determined 
by phenol-sulphuric method (Dubois and others 1956). Intracellular iodophilic 
polysaccharides were extracted with hot 5.3 M KOH (0.8 mg of biofilm dry 
weight/mL of KOH) and quantified using 0.2% I2/2% KI solution as described by 
DiPersio and others (1974). 
 
2.5 Statistical Analyses 
Analysis of covariance (ANCOVA) was used to assess differences in percent 
enzyme activity between agents at each concentration.  The models included 
categorical variables for agent, concentration, and their interaction.  Overall tests were 
F-tests, and individual comparisons used t-tests.  ANCOVA was also used to assess 
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differences in mean pH levels between agents at each time point.  The models 
included categorical variables for agent, time, and their interaction. Overall tests were 
F-tests. Individual comparisons used t-tests. All statistical analyses were performed 
using SAS software (Version 9.1; SAS Institute Inc., Cary, NC).  P-values reported 
are two-sided, with a level of significance set at alpha=.01.    
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CHAPTER 32 
RESULTS AND DISCUSSION   
3.1 Selection of grape extracts 
The phenolic content and composition in grapes can vary depending on 
cultivar and extraction and fermentation methods, and thereby influence the biological 
activity of the grape extracts. The wine grapes (Cabernet Franc, Pinot noir, Baco noir, 
and Noiret™) analyzed in this study were selected from our initial screening from nine 
different varieties of Vitis vinifera, V. labrusca, and Vitis interspecific hybrids. Grape 
berries were then studied with minimal processing into whole fruits (WF) or with 
extraction and fermentation methods into fermented pomace (FP).   
Our initial screening was based on (i) total phenolic content, (ii) biological 
activity (e.g. anti GTF effect and acid production), and (iii) availability. The selected 
grape varieties represent important cultivars for red wine making, particularly in New 
York State and the northeastern United States. Figure 3.1 shows the screening and 
selection process for the grape extracts. The 4 grape varieties (Cab. Franc, Pinot noir, 
Baco noir, Noiret™ ) are used in red wine production, and are well-known for high 
phenolic content (Landrault and others 2001).  Furthermore, pomace of red wine 
grapes is largely available as an inexpensive source of extractable material, which may 
present distinct chemical profile (compared to whole fruit) due to the fermentation 
process.  In general, the extracts from two V. vinifera grapes showed higher total 
polyphenols (TP) than the non-vinifera grapes (Figure 3.2). The Concord grapes were 
                                                 
2 Reproduced with permission from Thimothe J, Bonsi IA, Padilla-Zakour OI, Koo H. 
2007. Chemical characterization of red wine grape (Vitis vinifera and Vitis 
interspecific hybrids) and pomace phenolic extracts and their biological activity 
against Streptococcus mutans. J. Agric. Food Chem. 55(25): 10200-10207. 
Copywright 2007 American Chemical Society. 
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 not selected because their extracts were devoid of inhibitory effects against acid 
production by S. mutans as observed in our preliminary study. 
 
3.2 Contribution of major phenolic compounds 
 The major phenolic compounds found in the grapes according to variety and to 
method of processing are summarized in Table 3.1.  The total phenolic contents was 
variable depending on variety and wine processing method, as reported previously by 
others (Kammerer and others 2004; Mazza and others 1999; Macheix and others 1990; 
Netzel and others 2003).  Pinot noir had the highest concentration of total phenolics 
and flavan-3-ols and the lowest anthocyanin content, while Noiret™ had the highest 
anthocyanin content. Both Noiret ™ WF and Noiret ™ FP have more than 75% of 
anthocyanins as their main phenolic compounds.  When compared to the other 
varieties, Baco noir FP and Pinot noir FP had more of the flavan-3-ol monomers.   
Even though pomace is a waste material from the wine fermentation process, 
the extracts produced from pomace for all the varieties studied had either comparable 
or slightly higher total phenolic content than the whole fruit extracts. Total phenols in 
the pomace were between 41.1 and 61.8 g of GAE/100 g of extract which was similar 
to that found in V. Vinifera var. Bangalore blue pomace ( Murthy and others 2002).  
Furthermore, pomace extracts had similar concentrations of flavan-3-ols compared to 
the whole fruit, except for Baco noir, which showed twice the concentration found in 
the whole fruit extract. In contrast, the anthocyanin content in all of the pomace 
extracts was lower than that in whole fruit extracts. 
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Figure 3.2.  Total Phenolic and Anthocyanin content of grapes. AN: anthocyanins 
expressed in mg of malvidin-3-glucoside; TP: total phenols expressed in gallic acid 
equivalents. 
3.3 Influence of grape extracts on GTF activities  
The effects of grape extracts on the activity of GTF B in solution are shown in 
Figure 3.3. All the grape extracts significantly reduced the activity of GTF B at all 
concentrations tested compared to vehicle control (P<0.01). The effects of grape 
extracts from V. vinifera varieties on GTF activity were similar irrespective of whether 
the extracts were obtained from whole fruit (WF) or pomace (FP) (P>0.01). The Cab 
Franc FP and Cab Franc WF extracts were more effective GTF inhibitors than Pinot 
noir extracts at concentration of 15.6 μg/ml (P<0.01). In contrast, fermented pomace 
of extracts of Baco noir and Noiret™ inhibited the glucan synthesis more effectively 
than the whole fruit extracts (P<0.01). Individual comparisons revealed that fermented 
pomace of Baco noir was the most effective inhibitor among the hybrid extracts. A 
similar inhibitory profile was observed for GTF C (data not shown).  
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Figure 3.3. Influence of selected grape extracts a) Vitis vinifera and b) Vitis 
interspecific hybrids) on the activity of GTF B in solution. The final concentration of 
ethanol in each assay is 10% (v/v). The percent of enzyme activity is calculated 
against a sample with no extract as 100% GTF B activity. All of grape extracts (n=9) 
significantly reduced the activity of GTF B at all concentrations tested compared to 
vehicle control (P<0.01). WF:Whole Fruit; FP: Fermented Pomace. 
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Glucosyltransferases are specific and proven virulence traits of S. mutans 
associated with (i) pathogenesis of dental caries and (ii) bulk and structural integrity of 
dental Biofilm (plaque) (Bowen 2002). The glucans synthesized by these enzymes 
promote the binding and accumulation of S. mutans and other cariogenic bacteria on 
the tooth surface and contribute to the formation of the biofilm matrix  (Bowen 2002; 
Schilling and Bowen 1992; Yamashita and others 1993). Therefore, one of the 
strategies to control biofilm formation and dental caries is to inhibit the activity of 
GTFs; GTF B (which synthesizes a polymer of mostly insoluble α1,3-linked glucan) 
and GTF C (which synthesizes a mixture of insoluble α 1,3-linked glucan and soluble 
α1,6-linked glucan) were used in our assays because these enzymes have been shown 
to be essential for the expression of virulence by S. mutans in causing dental caries in 
vivo (Yamashita and others 1993).  
In general, the phenolic extracts from pomace were highly effective GTF 
inhibitors (>60% inhibition) even at concentrations as low as 15.6 µg/mL; this level of 
inhibition has not been observed previously (Koo and others 2006; Wunder and 
Bowen 1999) and would certainly disrupt the formation of cariogenic biofilms based 
on our in vitro and in vivo studies (Koo and others 2003a; Yamashita and others 
1993).  The putative bioactive compound(s) of grape phenolic extracts (especially 
pomace) that are modulating the GTF inhibition are unknown. Nevertheless, the 
presence of various flavonoids, such as low molecular weight flavonols, may be 
associated with enzyme inhibition. Inhibitory effect of flavonols is often associated 
with the presence of an unsaturated double bond between C-2 and C-3, which may 
provide a site for nucleophilic addition by side chains of amino acids in GTFs (Duarte 
and others 2006).   
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However, the presence of flavan-3-ols monomers and anthocyanins which lack 
a double bond between C-2 and C-3 exhibited either negligible or modest inhibitory 
activities (Yanagida and others 2000; Koo and others 2006).  This observation could, 
in part, explain why the anti-GTF activity of the various grape extracts was not 
affected by major qualitative and quantitative differences in anthocyanin and flavan-3-
ol content. Clearly, there are other compounds, such as high molecular weight 
proanthocyanidins (oligomers of flavan-3-ols), that may be involved in the GTF 
inhibition by the grape phenolic extracts. Further chemical analysis and research with 
individual compounds is needed to elucidate the specificity and the mechanistic details 
of GTF inhibition by the grape extracts. Although grape extracts contain weak  
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Figure 3.4.  Influence of grape extracts on the activity of GTF B on surface. The final 
concentration of ethanol in each assay is 10% (v/v). The percent of enzyme activity is 
calculated against a sample with no extract as 100% GTF B activity.  CFFP: Cabernet 
Franc fermented pomace; PNFP: Pinot noir fermented pomace; BNFP: Baco noir 
fermented pomace. 
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 phenolic acids, they did not influence the pH of the reaction mixture; the pH values 
were between  6.8 and 6.9, which are within optimum pH for the activity of GTF 
enzymes (pH 6.5 and 7.0) (Schilling & Bowen 1988). Clearly, the grape extracts are 
highly effective against GTF enzymes, especially pomace extracts.  
The fermented pomace of Cabernet Franc (CFFP), Pinot noir (PNFP), and 
Baco noir (BNFP) inhibited the activities of surface adsorbed GTF B by up to 80% at 
4 concentrations (250, 500, 1000, and 2000μg/ml) (Figure 3.4).  BNFP showed the 
highest inhibition when compared to the other 2 extracts.  All extracts were 
significantly different from the control (P<0.01). 
 
3.4 Influence of grape extracts on S. mutans acidogenicity.   
The effects of grape extracts on aciduric and acidogenic properties of S. 
mutans were examined by glycolytic pH-drop and F-ATPase activity assays. The 
results of pH-drop experiments in suspensions of S. mutans UA 159 with excess 
glucose in the presence of grape extracts (or vehicle control) are presented in Figure 
3.5.  S. mutans can survive and carry out glycolysis at low pH which can lead to the 
demineralization of the adjacent dental enamel leading to formation of carious lesions 
(Belli and Marquis 1991). S. mutans cells rapidly degrade glucose and lower the pH 
value of the suspension until they can no longer maintain a cytoplasmic pH 
compatible with activity of glycolytic enzymes. Acid sensitization can be rapidly seen 
in glycolytic pH-drop experiment in which cells are given excess glucose. Thus, the 
rate of pH drop reflects acidogenic capacities of the cells, while final pH values of the 
suspensions reflect acid tolerance. 
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All of grape extracts significantly disrupted glycolytic acid production by S. 
mutans cells (P<0.01) without affecting bacterial viability; however, the effects were 
more evident at high concentrations (500µg/ml).  The presence of grape extracts 
sensitized the cells to acidification to the point that the final pH values (t75min) were 
significantly higher (0.25–0.7 units) than those in the presence of vehicle control (P < 
0.01), except Baco noir WF and Noiret WF (P > 0.01), indicating that acid tolerance 
of S. mutans was affected. The effects may be related to F-ATPase inhibition since the 
extracts were devoid of any biocidal activity (as determined by plating aliquots of cell 
suspension at each time point, and counting the colony forming units/mL). The proton 
translocating F-ATPase protects S. mutans against environmental acid stress by 
regulating pH homeostasis, which is critical for the optimum function of glycolysis 
(Yanagida and others 2000). Enolase and other enzymes of the glycolytic pathway and 
the sugar transport system are sensitive to cytoplasmic acidification (Belli and others 
1995).  
As shown in Figure 3.6, the F-ATPase activity of S. mutans UA159 was 
partially inhibited (23-69%) by grape extracts at 62.5 μg/ml (except Noiret™ extracts) 
and 125 μg/ml (P<0.01). All of the V. vinifera grapes extracts (Cabernet Franc WF, 
Cabernet Franc FP, Pinot noir WF, Pinot noir FP), and  Baco noir FP and Noiret™ FP 
inhibited at least 48% of the enzyme activity at 125 μg/ml; these same extracts also 
showed higher final pH values in the glycolytic pH drop experiments as shown in 
Figure 3.5. Overall, the F-ATPase sensitivities to grape extracts agree with the pH 
drop data, and shows that the fermented pomace of all grape varieties tested is 
biologically active against S. mutans acidogenicity. 
Flavonoids have been shown to inhibit various forms of ATPase, including S. 
mutans membrane-associated F-ATPase activity (Duarte and others 2006; Gregoire 
and others 2007). Among them, quercetin, myricetin, and their glycosides moderately 
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Figure 3.5.  Influence of selected grape extracts a) Vitis vinifera and b) Vitis 
interspecific hybrids on  glycolytic pH drop assay of S. mutans UA 159 in suspension.  
Planktonic cells in presence of excess glucose and of grape extracts at 500 µg/ml. 
Values (SD, n=6) from all of grape extracts and from vehicle control are significantly 
different at time points t15 min, t 30 min, t 45 min, and t 60 min ( P<0.01). WF: whole fruit; 
FP: fermented pomace. 
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Figure 3.6. Effects of selected grape extracts a) (Vitis vinifera) and b) (Vitis 
interspecific hybrids) on F-ATPase activity. The final concentration of ethanol in each 
assay is 10% (v/v). The percent of enzyme activity is calculated against a sample with 
no extract as 100% F-ATPase activity.  All of grape extracts (n=9) significantly 
reduced the activity of F-ATPase at 125 μg/ml compared to vehicle control (P<0.01). 
WF: whole fruit; FP: fermented pomace. 
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 inhibited the activity of F-ATPases (15–35% inhibition) but only at high 
concentrations (150–300 µg/mL) (Gregoire and others 2007). Anthocyanins and low-
molecular weight flavan-3-ols (e.g. epicatechin) were devoid of any inhibitory effects 
against F-ATPase (Duarte and others 2006; Gregoire and others 2007). As observed 
for GTF activity assays, the biological effects on acidogenicity of S. mutans may 
involve other unidentified compounds, and were not affected by the differences in the 
anthocyanins and flavan-3-ols content of the various grape phenolic extracts. 
Interestingly, none of the extracts showed effects on the growth of S. mutans at 
concentrations tested in this study (up to 500 µg/mL), although other studies have 
reported selected antimicrobial activity of grape extracts against Listeria 
monocytogenes (Daglia and others 2007) and of wine extracts against Staphylococcus 
aureus, Escherichia coli, Candida albicans, Streptococcus pyogenes, and oral 
streptococci (Papadopoulou and others 2006; Daglia and others 2007). However, the 
antimicrobial activity of wine extracts against oral streptococci was mainly attributed 
to the presence of organic acids rather than polyphenols (Daglia and others 2007), 
which could explain the lack of microbiocidal activity of the grape phenolic extracts 
tested in this study. 
Overall, grape phenolic extracts exhibit biological activity against S. mutans by 
disrupting essential virulence traits (especially GTF activity) of this ubiquitous oral 
pathogen involved in formation and acidogenicity of dental biofilms without affecting 
bacterial viability; grape extracts may harbor specific compounds that may be useful 
for biofilm control.  
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3.5 Effects of the grape extracts on polysaccharide composition in biofilms 
Insoluble glucans produced by GTFs provide structural integrity and bulk to 
biofilms (Bowen 2002). The inhibition of GTF B activity by grape phenolic extracts 
indicates that the extracts may affect insoluble glucan synthesis and reduce biofilm 
formation. S. mutans in the mouth are commonly found in plaque biofilms, so we 
assessed the effects of short-term topical application (one-minute exposure, three 
times daily) on viability, biomass (dry-weight), total protein, and extracellular and 
intracellular polysaccharides content of S. mutans biofilms formed on apatic surface 
covered by salivary pellicle (Koo and others 2005). The regimen of one-minute 
exposure and daily treatments was selected for this experiment to simulate the likely 
exposure of test agents at clinical level. Higher levels of the agent were used for 
biofilms because of higher biomass densities of biofilms and previous findings that 
biofilms are less sensitive to grape extracts than cells in suspension.  
Viability of the biofilms (as assessed by determination of colony forming 
units) and total protein content was not significantly impacted by topical applications 
of grape extracts (P > 0.01); likely due to the brief exposure to the agent and higher 
bacterial densities in biofilms. Nevertheless, short-term topical application of grape 
extracts disrupted the composition of the extracellular polysaccharides of S. mutans 
biofilms by reducing the content of insoluble polysaccharides (Table 3.2). The 
biofilms treated with the grape extracts exhibited 33.7 to 53.5% less insoluble 
polysaccharides than those treated with negative (vehicle) control, which agrees with 
the GTF data in Figure 3.3. However, only Cab. Franc and Baco noir at 1000 μg/ml 
reached statistical significance (P<0.01). In contrast, the content of extracellular water 
soluble and intracellular iodophilic (IPS) polysaccharides were not significantly 
different compared to vehicle control (P>0.01), except the IPS content of biofilms 
treated with Baco noir at 1000 μg/ml.  
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 Interestingly, short-term exposure to the grape extracts did not significantly 
affect the acidogenic properties of the biofilms as indicated by the similar pH-values 
of the surrounding medium at various time points compared to those from vehicle-
treated biofilms; only Baco noir extract at 1000 μg/ml showed some inhibitory effect.  
We also determined the dry-weight of each of the treated biofilms. However, 
biofilms treated with grape extracts were highly pigmented indicating that compounds 
(probably high molecular weight tannins) in these extracts may have been 
incorporated in the biofilms matrix, which could adversely affect the precise 
determination of the dry-weight. Therefore, the dry-weight results were not used in 
this experiment.   Although our mono-species biofilm model does not mimic the 
complex microbial community found in dental plaque, it does place emphasis on a 
critical, and perhaps the most important, part of the biofilm i.e. the polysaccharide 
matrix. We chose S. mutans as our model organism because this bacterium is a key 
contributor to the synthesis of EPS matrix (which are comprised mostly of glucans), 
and acid production within biofilms. Furthermore, biofilms using a single organism 
are advantageous in examining specific actions of therapeutic agents on S. mutans 
physiology, especially on the glucan-mediated process.  Clearly, the grape extracts at 
1000 μg/ml significantly disrupted the insoluble polysaccharide content of S. mutans 
biofilms compared with the vehicle control. The insoluble polysaccharides (comprised 
of  mostly α1,3 and α1,6 linkages, and branch points of 3,4-, 3,6- and 3,4,6-linked 
glucose) are the major components of the extracellular polysaccharide matrix, which 
are associated with the development, bulk and cariogenicity of dental biofilms (Bowen 
2002; Paes Leme and others 2006).  This observation is consistent with the effective 
inhibition of GTF B observed in this study. S. mutans treated with therapeutic agents 
that repress the expression of GTF B, or mutant strains defective in gtfB, are far less 
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cariogenic than untreated or parent strains in vivo (Yamashita and others 1993; Koo 
and others 2005, 2006).  Thus, disruption of insoluble glucan synthesis is one of the 
mechanisms by which the grape extracts may affect the development of cariogenic 
biofilms; further studies using our animal model of dental caries shall determine 
whether these extracts display cariostatic properties in vivo.  
 Overall, the data show that grape phenolic extracts are biologically active 
against some of the virulence traits of S. mutans involved in the formation of glucans 
and acidogenicity.  However, the extracts did not affect bacterial viability neither 
against planktonic cell or biofilms of S. mutans.  The putative pathways by which 
grape phenolic extracts affect the virulence of S. mutans may involve at least two 
routes: (1) inhibiton of insoluble glucans synthesis by GTF B and GTF C; (2) 
inhibition of acid tolerance and acid production mechanisms.  
Furthermore, we have observed that pomace extracts were as effective, or in 
some cases more bioactive than the whole fruit extracts. Fermented pomace is a 
promising and inexpensive source for the extraction and isolation of individual 
polyphenols that could be used for the prevention of dental caries.  
It is important to note that all the extracts tested in this study were comprised 
of complex mixture of different classes of compounds. Previous studies have shown 
that many of the constituents are either non-active or even have deleterious effects. 
Further fractionation and characterization could provide critical information on the 
potential bioactivity of individual bioactive grape components on virulence factors of 
S. mutans.  The identification of these individual bioactive components used alone or 
in combination could further increase biological activity in vitro.   
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 CHAPTER 4 
Summary and future research 
Grapes are a rich source of flavonoids and are widely available in the New 
York State area for the production of wine.   Wine grapes, particularly red wine 
grapes, contain a wide range of polyphenolic compounds.  Many studies of 
polyphenols have focused on their health benefits although little information is 
available on the prevention of dental caries.  Studies of polyphenols from cranberry, 
cocoa, green tea, and apple reveal that many phenolic compounds inhibit virulence 
factors associated with one of the most cariogenic bacteria, Streptococcus mutans.  
Grapes contain many of the polyphenols seen in other natural products that inhibit 
glucan synthesis and acid production by S. mutans. However, as one of the most 
produced fruit crops, grapes provide a large source of raw materials for the extraction 
of polyphenols. Extracts from grape by-products were used to determine their 
influence on virulence factors associated with S. mutans. 
Polyphenolic compounds in wine grapes contribute to color, astringency, and 
bitterness and have certain health benefits such as antimicrobial, anticarcinogenic, and 
antioxidant properties.  Polyphenols are a large class of compounds that include 
flavonoids (anthocyanins, flavan-3-ols) and non-flavonoids.  Polyphenolic compounds 
differ in quality and quantity depending on variety and processing method.  In general, 
red wine grapes contain more polyphenolic compounds than white wine and table 
grapes. 
Although grape pomace is a waste material from the processing of grapes into 
wine, it has been found to contain as much or higher total phenolics and flavan-3-ols 
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than the unpressed grape, (whole fruit). Consequently, grape pomace could be a 
potential source for the extraction of beneficial polyphenols.  
Polyphenols have been shown to reduce the biomass of polysaccharides that 
form biofilms.  Biofilms are communities of microbes growing on a surface and 
enclosed in an extracellular polyssacharide matrix also called glucans. The 
polysaccharides form a mesh that protect bacteria (e.g. S. mutans) involved in dental 
caries. It has been hypothesized that reducing or preventing the formation of these 
polysaccharides can lead to a reduction in biomass which could subsequently lead to a 
reduction in caries.  S. mutans has two main virulence factors.  The first one is 
associated with the production of glucans by enzymes such as glucosyltransferases 
(GTFs).  The glucans synthesized by S. mutans help produce biofilms on tooth 
surfaces which are also called dental plaque.  The second virulence factor allows S. 
mutans to produce acid from dietary sucrose and to survive in acidic conditions inside 
the biofilm.  Inhibition of GTF activities is one of the strategies to control biofilm 
formation.  
Polyphenols from natural sources such as cranberry and cocoa affect the 
bacteria involved in dental caries.  Quercetin and proanthocyanidins significantly 
inhibit glucosyltransferases (GTF) and acid production mediated by F-ATPase, as 
shown in glycolytic pH drop experiments.   
In this study, red wine grapes (Cabernet Franc, Baco noir, Pinot noir, Noiret™) 
were collected from several wineries across the Finger Lakes region of New York 
State. They were then processed and analyzed for chemical and biological activity.  
Grape pomace extracts were as effective as or better than the whole fruit extracts in 
reducing the activity of GTF and F-ATPase irrespective of the variety of the grape 
tested. Biological activities of pomace and fruit extracts were not dependent on the 
amount of anthocyanins present in the extracts which is similar to results of previous 
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studies.  Anthocyanins were not essential for expression of biological activity. Other 
polyphenols from grape extracts inhibited the development of S. mutans in vitro by 
inhibiting the formation of glucans, thereby blocking bacterial adherence and 
preventing accumulation of S. mutans. 
This study demonstrated that polyphenols from whole grapes or fermented 
pomace exhibited biological activity against S. mutans by disrupting essential 
virulence traits of this ubiquitous oral pathogen. However, the polyphenols studied did 
not affect bacterial viability. This indicates that grape extracts contain specific 
compounds that may be useful to control some important aspects in biofilm formation.  
Grape extracts affect virulence factors of S. mutans involved in the inhibition of the 
GTF B and C enzymes in solution and on surface, and they disrupt acid production, as 
shown in glycolytic pH drop assays, by inhibiting proton-translocating F-ATPase 
activity.   
Grape extracts reduced the amount of some of the polysaccharides produced 
when compared to the control.  In contrast, except for Baco noir at 1000 μg/ml, the 
content of extracellular water soluble and intracellular iodophilic polysaccharides were 
not significantly different from the vehicle control.  Short-term exposure of the 
biofilms to the grape extracts did not significantly affect the viability, total protein or 
acidogenic properties of the biofilms. Results of the biofilm study might be due to: a) 
higher cells density found in biofilms compared to cells in planktonic environment, b) 
short exposure time in the extracts, and c) binding of large polyphenols to EPS. 
The mechanisms by which grape polyphenols affect the virulence factors of S. 
mutans are not well known.  Inhibition of virulence factors could be attributed to the 
presence of certain high molecular weight polyphenols, the presence of some 
flavonols, or the conformation of the flavonoid structure.  The presence or absence of 
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double bonds on the anthocyanin molecules or the presence of sugar molecules may 
also affect GTF or acid production. 
The presence of certain high molecular weight flavonoids such as tannins 
seemed to have decreased some effect on bioactivity.  Tannins, by binding to the 
proteins from salivary pellicle might have contributed to the dry-weight from the 
biofilms. Other unpurified fractions such as anthocyanins might also explain lack of 
activities. 
Subsequent research will involve the extraction of individual compounds that 
could be used in topical applications.  Individual components of polyphenols isolated 
from other products have already been shown to affect biological activities. In vitro 
studies could analyze these compounds to elucidate their effects on virulence factors 
associated with the pathogenesis of dental plaque formation and caries.  Recently 
published data on individual components from cranberry polyphenols have shown 
both individual and synergistic effects of polyphenols on virulence factors of S. 
mutans.  Thus, it is recommended that individual components of grape extract 
polyphenols be looked at in combination as well as alone.   
Other subsequent research could involve the study of the expression of gtf 
genes in biofilms. Pilot data have shown that S. mutans in the presence of flavonoids 
affects the level of expression of gtf genes.   
Although S. mutans is one of the most cariogenic bacteria, other bacteria can 
also be involved in the caries process.  Therefore, studying the effects of grape 
polyphenols on multispecies biofilm could lead to a better understanding of the ability 
of grape polyphenols to affect the biomass, acidogenicity and polysaccharide 
composition of biofilms in the presence of a less isolated model system. 
Finally, the benefits of such research projects could only be complete by 
analyzing in vivo the effects of the extracts on S. mutans in dental plaque in animal 
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 models. The goal of in vivo studies would be to see how effective the grape extracts 
are in the presence of the multi-species bioflims and complex environmental 
conditions that exist in the mouth.  Grape seed extract has been shown to have no 
toxic effects in rats and could be used in topical application without toxicity concern.  
The approach to be used for the study would utilize frequent exposure to food and 
beverages and the brief application of grape components to the tooth surface.  
Individual components of grape extracts could affect bacterial adherence and plaque 
pH. Grape pomace is an inexpensive and abundant source for the extraction of 
individual components of polyphenols that could be used in the treatment or 
prevention of dental caries.  
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APPENDIX D 
F-ATPase data for Cabernet Franc, Pinot noir, and Baco noir  extracts under 
different conditions. 
 
500 ug/ml, 
15% EtOH
conc. 
difference % activity % inhibition
test test neg ug/ml
CFWF1 1.89 1.70 0.19 8.75 91.25
CFWF2 1.96 1.83 0.14 6.19 93.81
Water 3.52 1.31 2.21
Water 3.52 1.31 2.21
Al & F 2.50 1.67 0.83 37.45 62.55
Conc ug/ml
 
 
15% EtOH, 
500 ug/ml, 1% 
innoculum
conc. 
difference
% 
activity % inhibition
test test neg ug/ml
CFWF1 2.11 1.99 0.12 4.92 95.08
CFCP1 2.23 2.17 0.06 2.43 97.57
Vehicle 3.95 1.52 2.42
CFFP1 2.14 2.04 0.10 4.24 95.76
Vehicle 4.03 1.57 2.46
Water 3.94 1.54 2.40
Al & F 3.01 2.15 0.86 35.90 64.10
Conc ug/ml
 
 
15% EtOH, 
500 ug/ml, 1% 
innoculum Conc ug/ml
conc. 
difference % activity % inhibition
test test neg ug/ml
CFWF2 2.53 2.45 0.09 4.80 95.20
CFCP2 2.51 2.54 -0.03 -1.71 101.71
Vehicle 3.65 1.85 1.80
CFFP2 2.24 2.70 -0.46 -25.78 125.78
Vehicle 3.67 1.88 1.79
Water 4.08 1.94 2.14
Al & F 3.14 2.63 0.51 23.93 76.07  
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15% EtOH, 
500 ug/ml, 1% 
innoculum
conc. 
difference % activity % inhibition
test test neg ug/ml
CFWF2 2.63 2.66 -0.03 -0.99 100.99
CFCP2 2.34 2.59 -0.25 -9.45 109.45
Vehicle 4.56 1.93 2.64
Water 4.67 2.02 2.65
Al & F 3.40 2.71 0.70 26.24 73.76
Conc ug/ml
conc. 
difference % activity % inhibition
test test neg ug/ml
CFFP2 2.61 2.48 0.13 5.05 94.95
Vehicle 4.59 1.98 2.60
Water 4.67 2.02 2.65
Al & F 3.40 2.71 0.70 26.24 73.76
Conc ug/ml
 
 
 
15% EtOH, 
500 ug/ml, 1% 
innoculum
conc. 
difference % activity % inhibition
test test neg ug/ml
CFWF1 2.46 2.25 0.21 12.70 87.30
CFCP1 2.48 2.50 -0.02 -1.30 101.30
Vehicle 3.41 1.73 1.68
Water 4.44 1.83 2.61
Al & F 3.28 2.51 0.77 29.47 70.53
conc. 
difference % activity % inhibition
test test neg ug/ml
CFFP1 2.41 2.32 0.09 5.47 94.53
Vehicle 3.41 1.85 1.57
Water 4.44 1.83 2.61
Al & F 3.28 2.51 0.77 29.47 70.53
Conc ug/ml
Conc ug/ml
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125 ug/ml, 
10% EtOH
conc. 
difference % activity % inhibition
2nd 
incubation 5 
min test test neg ug/ml
CFWF1 5 
MIN 2.98 1.74 1.24 36.47 63.53
Vehicle 5 
MIN 5.42 2.03 3.39
Water 5 MIN 5.06 2.23 2.84
Al & F 5 MIN 3.80 2.35 1.45 51.21 48.79
125 ug/ml
conc. 
difference % activity % inhibition
2nd 
incubation 15 
min test test neg ug/ml
CFWF1 15 
MIN 2.86 1.86 1.00 33.01 66.99
Vehicle 4.95 1.93 3.02
Conc ug/ml
Conc ug/ml
 
 
 
125ug/ml, 
10% EtOH
conc. 
difference % activity % inhibition
test test neg ug/ml
CFWF1 2.93 1.48 1.45 63.76 36.24
CFCP1 2.25 1.51 0.74 32.43 67.57
CFFP1 2.72 1.49 1.23 54.32 45.68
Vehicle 3.75 1.49 2.27
Water 4.37 1.43 2.94
Al & F 3.44 2.18 1.26 42.81 57.19
Conc ug/ml
5 min for 2nd incubation
 
 
 
 
                   71
 
 
 
 
125ug/ml, 
10% EtOH
conc. 
difference % activity % inhibition
test test neg ug/ml
BNWF1 2.41 1.29 1.12 76.67 23.33
BNCP1 2.06 1.32 0.75 51.18 48.82
BNFP1 1.95 1.34 0.61 41.55 58.45
Vehicle 2.71 1.24 1.46
Water 3.48 1.21 2.26
Al & F 2.90 2.08 0.82 36.11 63.89
Conc ug/ml
5 min for 2nd incubation
 
 
10% EtOH
conc. 
difference % activity % inhibition
test test neg ug/ml
BNCP1 125 
ug/ml 2.58 1.77 0.81 52.18 47.82
BNCP1 250 
ug/ml 2.37 1.92 0.45 29.18 70.82
BNCP1 500 
ug/ml 2.29 2.40 -0.11 -7.17 107.17
Vehicle 3.23 1.69 1.55
Water 4.02 1.65 2.38
Al & F 3.42 2.49 0.93 38.90 61.10
Conc ug/ml
 
 
10% EtOH
conc. 
difference % activity % inhibition
test test neg ug/ml
CFCP1 125 
ug/ml 2.37 1.84 0.54 23.67 76.33
CFCP1 250 
ug/ml 2.08 1.94 0.14 6.17 93.83
CFCP1 500 
ug/ml 2.32 2.42 -0.10 -4.49 104.49
Vehicle 4.02 1.75 2.27
Water 3.90 1.74 2.16
Al & F 3.27 2.49 0.78 36.07 63.93
Conc ug/ml
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conc. 
difference % activity % inhibition
test test neg ug/ml
BNWF1 250 
ug/ml 3.11 1.96 1.16 45.80 54.20
BNCP1 250 
ug/ml 2.46 2.02 0.44 17.56 82.44
BNFP1 250 
ug/ml 2.35 1.94 0.41 16.13 83.87
Vehicle 4.23 1.70 2.53
Water 4.48 1.73 2.75
Al & F 3.63 2.45 1.18 42.81 57.19
Conc ug/ml
 
 
 
 
conc. 
difference % activity % inhibition
test test neg ug/ml
PNWF1 250 
ug/ml 1.88 1.86 0.02 0.87 99.13
PNFP1 250 
ug/ml 1.88 1.74 0.14 5.52 94.48
BNWF1 250 
ug/ml 2.60 1.83 0.77 29.41 70.59
Vehicle 4.27 1.66 2.61
Water 4.15 1.60 2.55
Al & F 3.39 2.21 1.17 46.02 53.98
Conc ug/ml
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